Recent work indicates a general architecture for proteins in which sparse networks of physically contiguous and coevolving amino acids underlie basic aspects of structure and function. These networks, termed sectors, are spatially organized such that active sites are linked to many surface sites distributed throughout the structure. Using the metabolic enzyme dihydrofolate reductase as a model system, we show that: (1) the sector is strongly correlated to a network of residues undergoing millisecond conformational fluctuations associated with enzyme catalysis, and (2) sector-connected surface sites are statistically preferred locations for the emergence of allosteric control in vivo. Thus, sectors represent an evolutionarily conserved ''wiring'' mechanism that can enable perturbations at specific surface positions to rapidly initiate conformational control over protein function. These findings suggest that sectors enable the evolution of intermolecular communication and regulation.
INTRODUCTION
Allosteric regulation enables the activity of one site on a protein to modulate function at another spatially distinct site (Cui and Karplus, 2008; Luque et al., 2002; Monod et al., 1965; Smock and Gierasch, 2009 ). This biochemical property is fundamental to many cellular processes-in different contexts, it represents information flow between functional surfaces on signaling proteins, regulation of protein activities through molecular interactions and posttranslational modification, and functional cooperativity within oligomeric or multidomain proteins. Much prior work has examined the physical mechanism of allostery in proteins, with the finding that allostery involves the cooperative action of groups of amino acids such that local perturbations at one site can influence the function of distant sites (Clarkson et al., 2006; Luque et al., 2002) . For example signal transduction in G protein-coupled receptors (Gether, 2000; Menon et al., 2001) , voltage-dependent activation of K + channels (Lee et al., 2009; Sadovsky and Yifrach, 2007; Yifrach and MacKinnon, 2002) , regulation of ligand binding in PDZ domains (Peterson et al., 2004) , and modulation of catalytic rate in several enzymes (Agarwal et al., 2002; Benkovic and Hammes-Schiffer, 2003; Eisenmesser et al., 2005; Fraser et al., 2009 ) all seem to depend on networks of functionally coupled residues that exist within the overall atomic structure. The mechanistic details vary, but the salient point is that allostery involves cooperative interactions between a subset of spatially distributed amino acids. One approach for understanding the structural basis of functional properties like allostery is the analysis of amino acid coevolution using methods such as statistical coupling analysis (SCA) (Halabi et al., 2009; Lockless and Ranganathan, 1999; Sü el et al., 2003) . The basic premise of SCA is that functionally relevant coupling between amino acids should, regardless of underlying mechanism, drive coevolution of those residues. In principle the global pattern of coupling between amino acids can be estimated from multiple sequence alignments that represent the long-term evolutionary record of a protein family.
This approach reveals two general findings about proteins. First, the majority of amino acids in proteins evolve nearly independently, implying weak or idiosyncratic physical coupling to other residues. This result is nontrivial; many of these weak interactions constitute direct contacts in the tertiary structure, suggesting extensive decoupling even within local environments. Second, a small fraction of amino acids (typically 10%-30%) show strong mutual coevolution and comprise spatially distributed but structurally contiguous subnetworks within the tertiary structure. These coevolving networks are termed ''sectors,'' and experiments in several protein families confirm that sectors are associated with conserved functional properties, including signal transmission, allosteric regulation, and catalysis (Ferguson et al., 2007; Halabi et al., 2009; Hatley et al., 2003; Shulman et al., 2004; Sü el et al., 2003) . In addition for a small protein interaction module, computational design of synthetic proteins based on the pattern of evolutionary couplings between amino acids was shown sufficient to recapitulate the structure and function of their natural counterparts Socolich et al., 2005) . Multiple sectors are possible in a single protein (Halabi et al., 2009) , arguing that this architecture permits the independent variation of different phenotypes that comprise overall fitness. Thus, sectors are proposed to represent the fundamental structural units that underlie the conserved structure and functions of natural proteins.
In addition to folding and function, natural proteins display the capacity for evolving novel allosteric regulation and communication (Kuriyan and Eisenberg, 2007) . The origin of such regulatory mechanisms is not obvious given the complexity of building cooperative interactions between amino acids that can functionally couple distant sites. Interestingly, the sector architecture suggests a simple potential solution. Sectors have a distributed spatial organization that ''wires'' the active site to multiple distant surface positions. This architecture provides constraints for structure and function Socolich et al., 2005) but, as a consequence, might also provide a structural basis for the gain of novel allosteric regulation through initiation of molecular interactions at sector-connected surface sites. In other words, sector-connected surface sites might represent ''hot spots'' for the emergence of allosteric control in proteins.
Here, we experimentally test this hypothesis using the metabolic enzyme dihydrofolate reductase (DHFR) and a protein interaction module (the PDZ domain) as model systems. We show that DHFR contains a sparse, distributed, and physically contiguous protein sector that is strongly correlated to the dynamic motions associated with catalysis. By carrying out a comprehensive domain insertion scan in E. coli DHFR and applying a new assay system, we show that sector-connected surface sites are indeed hot spots for the emergence of allosteric control. We recapitulate this finding in a second experimental system, the PDZ domain. Interestingly, initiation of molecular interactions at these sector-connected sites can produce allosteric regulation in a single step that is detectable in vivo, without directed optimization or design. These results show that sectors can provide a statistically preferable route for the initiation of allosteric control and suggest that they can enable the evolution of allosteric communication between proteins.
RESULTS
A Link between the Sector and Functional Conformational Dynamics in DHFR DHFR is an essential enzyme in both prokaryotes and eukaryotes that is necessary for the biosynthesis of purines, pyrimidines, and amino acids. The enzyme catalyzes the stereospecific reduction of 7,8-dihydrofolate (DHF) to 5,6,7,8-tetrahydrofolate (THF) using nicotinamide adenine dinucleotide phosphate (NADPH) as a cofactor and has served as an excellent system for understanding catalysis and the relationship between conformational dynamics and enzyme activity (Schnell et al., 2004) . Specifically, the E. coli DHFR reaction cycle involves five biochemically characterized catalytic intermediates that comprise two major conformational states, termed closed and occluded ( Figure 1A ) (Fierke et al., 1987; Schnell et al., 2004) . NMR-based relaxation dispersion experiments show that a distributed pattern of motion on a millisecond timescale plays a crucial role in mediating the conformational transitions between the various states that mediate substrate and cofactor binding/ release and the chemical step in catalysis (Bhabha et al., 2011; Boehr et al., 2006 Boehr et al., , 2010 McElheny et al., 2005) . Considered collectively, the set of DHFR residues engaged in millisecond scale dynamics encompasses the active site, substrate and cofactor binding sites, and some distant regions ( Figure 1B) . Thus, the catalytic mechanism in DHFR involves millisecond dynamics within a distributed network of amino acid residues.
SCA for an alignment of 418 phylogenetically diverse DHFR sequences defines a system of coevolving amino acid positions (a sector) that depending on statistical cutoffs, comprises between 14% and 31% of the protein (see Table S1 available online and Experimental Procedures). Consistent with prior descriptions, the sector forms a physically contiguous network of atoms that connects the DHFR active site with the substrate (A) The reaction cycle of E. coli DHFR. DHFR catalyzes the stereospecific reduction of DHF to THF through transfer of a hydride ion from the cofactor NADPH. The main structure change associated with the reaction cycle is a switch between the so-called closed and occluded conformations, a fluctuation that occurs on a similar timescale as the catalytic step of the reaction. (B) A mapping of amino acids undergoing conformational exchange at the millisecond timescale in any of the complexes of E. coli DHFR representing the catalytic cycle (shown as small orange spheres on the Ca atom; PDB 1RX2) (Boehr et al., 2006 (Boehr et al., , 2010 McElheny et al., 2005) . (C) The SCA sector for the DHFR family is shown in CPK (blue and orange; see Table S1 ). Orange and blue spheres represent sector positions either overlapping or not, respectively, with residues undergoing millisecond dynamics. The small orange spheres represent nonsector positions involved in millisecond dynamics. This analysis shows that sector positions are strongly correlated with residues undergoing dynamic motions underlying catalysis (p < 0.006; see text and Table S2 ).
and cofactor binding pockets, and with several distantly positioned surface regions ( Figures 1C and 2) (Chen et al., 2007; Lee et al., 2008) . Thus, despite no known allosteric function, DHFR contains the same sparse and distributed sector architecture as other proteins.
Comparison of the SCA sector with those residues undergoing millisecond timescale dynamics in DHFR shows a strong coincidence of the two; nearly 75% of sector positions overlap with those showing motions related to the catalytic cycle (Figure 1C ; and for a full list of sector positions, see Table S1 ). This corresponds to a strong statistical correlation between sector positions and those residues involved in millisecond dynamics (p < 0.006 by Fisher's exact test), a result that is robust to perturbations in the cutoffs used for sector identification (Table  S2 ). These data suggest that (1) the sector in DHFR represents an evolutionary-conserved distributed architecture involved in the catalytic reaction cycle; and (2) the sector mechanistically operates through dynamic fluctuations that connect the active site with several distant surface sites.
A Comprehensive Test of Allosteric Regulation at Surface Positions
What does the sector architecture in DHFR mean for the capacity of surface positions to initiate functional control over catalytic function? The finding that the sector connects the active site to a number of surface positions suggests the idea that by virtue of distributed constraints on catalysis, the sector provides a preorganized path for coupling between these distantly positioned sites (Figure 2 ). If true, initiation of new molecular interactions at sector-connected surface sites should preferentially trigger the emergence of allosteric regulation. The initial magnitude of regulation might be weak given no optimization or intelligent engineering, but to be evolutionarily significant, need only be sufficient to provide a basis for selection in vivo. Table S1 .
To examine this, we carried out a test for the emergence of allosteric control at all surfaceexposed sites in E. coli DHFR ( Figure 3A ) using a technique we term ''domain insertion scanning.'' The strategy is to create a library of chimeric DHFRs in which an unrelated allosteric signaling module (a light-sensitive PAS domain [LOV2] from A. sativa; Salomon et al., 2001 ) is inserted into the peptide bond preceding every solvent-exposed residue in DHFR (70 total, Figure 3A ; see Experimental Procedures). The N-and C-terminal regions of the LOV2 domain are known to receive an allosteric conformational change upon photon absorption by the bound flavin mononucleotide chromophore (Halavaty and Moffat, 2007; Harper et al., 2003) . More specifically, a C-terminal helix (referred to as the Ja helix) detaches from the core of the LOV2 domain in response to light. Thus, inserting the LOV2 domain at each DHFR surface site and assaying for the emergence of light-dependent DHFR activity represent a test for the initiation of allosteric regulation. A previous proof-of-principle experiment establishes this experimental approach; insertion of LOV2 at one sector-connected surface site (120-121, here called DL121) results in weakly light-dependent DHFR activity in vitro (Lee et al., 2008) .
To assay light-dependent DHFR activity of all 70 DHFR-LOV2 chimeras in vivo and in parallel, we developed a folate auxotroph rescue assay coupled with measurement of growth rates by Solexa-based high-throughput sequencing. THF, the product of DHFR catalysis, is needed for a number of critical metabolic processes, including the synthesis of thymidine and amino acids. As a result, DHFR catalysis is necessary for growth of E. coli . For example the E. coli folate auxotroph (ER2566 DfolA DthyA, which contains deletions of both DHFR [folA] and thymidylate synthetase [thyA]) fails to grow in minimal media conditions but can be rescued with basal expression of both the folA and thyA genes from a plasmid. To test if the insertion of LOV2 abrogated DHFR catalytic activity for any of the fusions, we screened the library of DHFR-LOV2 chimeras for those that provide measurable rescue of auxotroph growth. We find that 67 of the 70 chimeric fusions can complement, indicating the presence of a functional DHFR ( Figure S1 ). The three insertions lacking DHFR activity (DL17, DL23, and DL108) were omitted from further analysis.
A study of a few known mutants of DHFR shows that the growth rate is a monotonic function of the catalytic efficiency (k cat /K m ) in the conditions of our experiment ( Figure S2 ). How can we make accurate and systematically controlled measurements of light-dependent growth rate for all chimeras with reasonable experimental speed? Previous work has demonstrated that even small differences in growth rates of two variants can be measured through pairwise competition of fluorescently labeled strains (Breslow et al., 2008; Thompson et al., 2006) .
Here, we introduce a new method for monitoring relative fitness by measuring individual variant frequencies over time in a mixed population of growing cells using the technology of massively parallel sequencing (Metzker, 2010) Table S3 ; and Figures S1 and S2). Yellow and black circles represent two independent experimental trials in the light and dark, respectively.
additional DHFR-LOV2 control constructs (described in detail later) were mixed in equivalent ratios (84 variants total), grown in a single flask under either dark or lit conditions, and sampled at 5 time points. To identify the individual variants, we incorporated a five-nucleotide barcode at the 3 0 untranslated region downstream of the folA gene ( Figure 3B ). In addition during sample preparation for Solexa sequencing, we added a second five-nucleotide barcode encoding the experimental condition (lit or dark, and each time point) to the 5 0 end of the sequenced region by PCR ( Figure 3B ). Multiplexing all samples and sequencing a 36 bp fragment containing both barcodes permit reconstruction of the growth rate divergence of every variant over time with excellent counting statistics ( Figure 3C ). This experiment enables simultaneous growth rate determinations for a very large number of variants in a single internally controlled experiment without the need for external labeling of individual strains ( Figure 3D ).
To establish the growth-based sequencing assay as a quantitative reporter of DHFR activity, we expressed and purified the 11 DHFR mutants to near homogeneity and measured catalytic power in vitro using standard protocols ( Figure S3 and Table S3 ) . Consistent with the conventional growth rate measurements by optical density ( Figure S2 ), there is a monotonic and sensitive relationship between DHFR catalytic activity in vitro and growth rate of E. coli ( Figure 3D ). Indeed, DHFR mutants L54I and W22H differ only 2-fold in in vitro activity (as assessed by k cat /K m ), but this results in an approximately 12% growth rate advantage for W22H over L54I. As previously shown, the exponential divergence of populations with differences in growth rate makes it so that even small biochemical effects in vitro can be accurately detected in vivo (Breslow et al., 2008) . The measurements are also highly reproducible; over the large range of catalytic activities sampled by the ten nonlight-dependent DHFR mutants, there is negligible difference in the lit and dark growth rates measured in three independent growth/ sequencing experiments. The distribution of differential growth in lit and dark conditions is centered at zero, with a small variance that we attribute to measurement noise (0.0065 ± 0.0047, mean ± SD [s]; Figures 3D, 4C , 5A, and 5B).
To establish the degree to which we expect light-dependent DHFR catalytic activity in vitro to control growth rate in response to light in vivo, we considered one previously characterized DHFR-LOV2 chimera (DL121) (Lee et al., 2008) . In biochemical experiments, DL121 displays a modest 2-fold light dependence in k hyd (the rate of hydride transfer, the chemical step of DHFR catalysis). As controls, light dependence in growth rate was also assessed for two light-insensitive variants of DL121: a point mutant in the LOV2 domain that does not undergo conformational change in response to light (DL121-C450S); and a variant lacking the output mechanism of LOV2 (DL121-noJ, a deletion of the LOV2 Ja helix). The data show that DL121 shows a significant increase in growth rate of E. coli in response to light but that the neither control construct shows light dependence above measurement noise (Figure 4 ). This effect is reproducible and robust; multiple trials of the sequencing-based experiment and an independent assay (fluorescence-based measurement of relative growth rates) show similar results ( Figure S4 ). The overall effect for bacteria carrying DL121 is an $17% increase in growth rate in the light compared to the dark, a finding that shows how subtle biochemical allostery in vitro can translate to a nontrivial fitness advantage in vivo.
Allosteric Regulation Occurs Preferentially at Sector-Connected Surfaces
We measured lit and dark growth rates for all 70 of the DHFR-LOV2 fusions in the 3 independent growth/sequencing experiments. A few chimeras grew unreliably in the experiment trials and were removed from consideration, leaving 61 chimeras and 10 light-independent controls for further analysis ( Figure S5 ). Light dependence was quantitatively assessed by calculating a standard Z score that indicates the deviation of the lit minus dark growth rate from that measured for the light-independent controls (see Experimental Procedures). Like the DHFR point mutants, most DHFR-LOV2 chimeras show light dependence close to zero ( Figures 5A-5C ). This indicates that the majority of surface sites do not show allosteric regulation upon insertion of LOV2. Purification and in vitro spectral analysis of a sampling of nonlight-dependent DHFR-LOV2 chimeras indicate an active, chromophore bound LOV2 domain displaying light-dependent dynamics similar to that of the WT domain ( Figure S6 ). Together with evidence for intact DHFR activity ( Figure S1 ), these data support the conclusion that lack of light dependence is due to the functional uncoupling of DHFR and LOV2 rather than defects intrinsic to either domain. However, the distribution of light-mediated differences in growth rate ( Figure 5A ) indicates a light dependence (Z > 2) over nonlight-dependent controls for 14 out of 61 DHFR insertion sites ( Figures 5A-5C and Table S4 ). These chimeras display growth rate differences between the lit and dark conditions that range from a few to tens of percent, suggesting that like for DL121, LOV2 insertion triggers weak but significant allosteric control in vivo at a subset of surface positions. For a sampling of DHFR-LOV2 fusions that span the full range of light dependence in growth rate, we purified the chimeric proteins to near homogeneity and measured the catalytic rate of DHFR (k cat ) under lit and dark conditions ( Figure 5D ). These measurements demonstrate that the light dependence of growth rate in vivo is highly correlated to the light dependence of enzymatic activity in vitro, a result that argues that insertion of LOV2 acts directly to modulate DHFR activity.
The sites showing significant allosteric regulation are distributed throughout the primary and secondary structure of the protein ( Figure 5C ), and occur at surface locations with no obvious spatial relationship to the active site or to each other ( Figures 5E and 6, red spheres) . Indeed, proximity to the active site is a poor predictor of light-dependent regulation; 5 out of 14 light-dependent positions occur within 10 Å of the active site, from a total of 28 LOV2 insertion sites within this distance (p < 0.28, Fisher's exact test). However, we find that every one of the light-dependent surface sites is connected to the DHFR sector ( Figure 6 , blue spheres), a result that indicates strong correlation between light dependence and sector connectivity (p < 0.007, Fisher's exact test with 2s cutoff for light dependence). The statistical significance of sector connectivity holds over a range of the tail of the light-dependent distribution ( Figure 5F and Table S5), especially including more stringent definitions of light dependence that are less susceptible to measurement noise. In addition sector connectivity of lightdependent positions also holds for a broad range of cutoffs used for sector definition (Table S5 ). Indeed, light-dependent positions are even more significantly associated with sector positions with the strongest correlation signals, a finding that provides further confidence in the association of the two. Thus, the data strongly support the proposal that sector-connected surface sites are hot spots for the initiation of allosteric regulation.
The Spatial Architecture of Allosteric Control
Slices through the core of DHFR illustrate the structural organization of sector positions and LOV2 insertion sites showing light dependence ( Figure 6 ). The sector is like a preorganized functional ''wire'' in the three-dimensional structure that connects every light-dependent position to the enzyme active site through pathways of intervening residues. As previously reported, the sector is not any obvious property of primary, secondary, or even tertiary structure; it is a network of mutually evolving residues that presumably emerges from the heterogeneity of cooperative interactions between amino acids (Halabi et al., 2009) . The sector in DHFR represents the distributed determinants of catalytic mechanism ( Figure 1C ), but as a consequence, also provides the capacity for gaining regulation at neighboring surface positions through single-step variation (in this case, domain insertion). The spatial pattern of sectors enables multiple surface positions to participate, a finding that is consistent with the observed diversity of allosteric mechanisms within a protein family (Kuriyan and Eisenberg, 2007) .
The association of the sector with residues engaged in functionally relevant dynamic motions in DHFR suggests a possible mechanistic basis for light-dependent allosteric control. Out of the 14 light-dependent positions, 13 contact the network of residues undergoing millisecond conformational exchange (the 1 noncontacting residue is indirectly connected to this network via another light-dependent position) (data not shown). Thus, a working model is that sector-mediated allosteric regulation in DHFR works through modulation of dynamic modes associated with catalysis. This observation provides a starting point for understanding the physical basis for allostery through sector connectivity, but we emphasize that the mechanistic details of allosteric control are likely to vary from protein to protein and, indeed, from site to site. Thus, sector connectivity is a phenomenological principle for the emergence of allostery that we expect will be implemented through a variety of degenerate physical mechanisms. (B and C) Growth rate differences for nonlight-dependent mutants (B) and for DHFR-LOV2 chimeras ordered by DHFR primary structure (C) (see also Figure S4 ). Error bars indicate SEM across three experimental repeats. The corresponding secondary structure pattern is indicated at right. The gray/red bars at right indicate the position of each LOV2 insertion; red bars indicate insertions sites showing light dependence (Z > 2) of nonlight-dependent controls (Table S4) . Lightdependent positions are scattered throughout the primary and secondary structure of the protein.
(D) Correlation of light dependence in vitro and in vivo. The catalytic rate (k cat ) was measured for four DHFR-LOV2 fusions under lit and dark conditions; error bars represent the standard deviation (s) across three experimental trials. This confirms that DL121, DL127, and DL134 show light dependence in enzymatic activity as measured biochemically.
Sector-Mediated Hot Spots for Allosteric Regulation in the PDZ Domain
Is the concept of allosteric control through sector connectivity a general phenomenon in proteins? To begin testing this, we carried out the same experiment-a comprehensive surface scan for positions capable of displaying functional regulation-in a different model system, the PDZ family of protein interaction modules. PDZ domains are roughly 100 amino acid proteins that typically bind the carboxy-terminal few amino acids of various target proteins and are components of multidomain scaffolding complexes (Nourry et al., 2003) . Recent technical advances make it possible to quantitatively evaluate the functional impact of mutating every position in the PDZ domain to every other amino acid (R.N.M. and R.R., unpublished data). Carried out for all surface-exposed amino acid (Table S5) . These results indicate robust statistical correlation between sector connectivity and capacity for allosteric control. positions, this analysis provides the opportunity to reexamine the hypothesis that allosteric regulation of protein function is mediated through the distributed connectivity of sector amino acids.
We mutated every surface-exposed position in 1 specific PDZ domain (PSD95 pdz3 , 39 total positions) to every other amino acid, and measured the effect on binding its cognate ligand, the C-terminal peptide from the CRIPT protein (Niethammer et al., 1998 ; Figure S7 ). The data show that 11 of the 39 surface positions have significant effects on ligand binding upon mutation ( Figure S7 ), and nearly every one (10 of 11) is sector connected (Figure 7 ; p < 0.039, Fisher's exact test). Indeed, the data essentially recapitulate the result from LOV2 insertion in DHFR; functionally coupled surface positions are distributed at surfaces of the PDZ domain with no obvious spatial relationship to the binding site or to each other but are linked via pathways of sector residues through the protein core (Figure 7) .
Taken together, the data in DHFR and PDZ suggest the model that, by preorganization of a few amino acid positions into collectively acting units, the sector represents an architecture that is capable of initiating allosteric control in proteins.
DISCUSSION Protein Sectors and Capacity for Novel Allosteric Regulation
Despite fundamental importance in nearly every biological process, the general structural principles behind the mechanisms and evolutionary origin of allosteric communication in proteins have been difficult to elucidate. The basic problem has been the difficulty of inferring the net functional value of interactions between amino acids from the pattern of observed contacts in protein structures. Taking advantage of the sequence divergence in protein families to formulate a statistical approach to this problem, we previously proposed the model that natural proteins have a general ''design'' in which sparse, distributed, and physically contiguous networks of strongly coupled amino acids (sectors) are embedded in an overall environment of weak coupling (Halabi et al., 2009; Lockless and Ranganathan, 1999) . Experiments in several model systems argue that sectors are linked to protein function, including long-range communication between protein surfaces. Here, we show that the metabolic enzyme DHFR, a protein with no known allosteric or signaling function, has a protein sector that is architecturally no different: a subset of total amino acids comprise a contiguous network of residues in the protein core that links the active site to a number of distantly positioned surface sites. Functionally, the DHFR sector corresponds well to residues involved in the catalytic mechanism, and mechanistically, it correlates with positions that undergo conformational dynamics associated with the reaction coordinate of the enzyme. These findings represent, to our knowledge, the first instance of a physical mechanism underlying the distributed connectivity that characterizes the sector architecture. Quantitative comparison of sector edges and light-dependent insertion sites confirms that sector-connected surfaces are statistical hot spots for the initiation of allosteric control. It is important to underscore that this conclusion is probabilistic; although every light-dependent site is sector connected, not every sectorconnected surface site shows allosteric control in our experiment. This is expected given that domain insertion was carried out naively, without physics-based design or directed evolution. Indeed, the naive coupling efficiency between the LOV2 domain and DHFR at sector-connected surface sites can be estimated from our experiment to be about 0.45. However, light dependence was never observed at nonsector-connected sites, a result that highlights the importance of sector connection in initiation of allosteric control. As with any experiment, it is possible that some LOV2 insertion sites that are statistically insignificant could actually be very weakly light dependent. But regardless, the data show that sector-connected surface sites display the greatest likelihood and magnitude of allosteric control and, thus, are statistically preferred sites for regulation.
Nevertheless, we note that even at sector-connected sites, the magnitude of allosteric control upon LOV2 insertion is invariably and expectedly weak. Biochemical studies show that DL121, a chimera with one of the largest light-dependent effects, only displays a roughly 2-fold increase in the microscopic catalytic rate constant (k hyd ) and a 20% increase in the steady-state catalytic rate (k cat ) in vitro upon light exposure (Lee et al., 2008) . But this corresponds to a growth rate advantage in multiple different experiments in vivo of nearly 20% in the light versus dark, a value that can easily drive selection if allosteric control is a condition of fitness. In this regard we note that under the experimental conditions used in this work, the DHFR-LOV2 fusions display slower growth rates than the WT enzyme ( Figure S5 ) and would, therefore, be evolutionarily disadvantaged based on absolute growth rate. However, initial experiments suggest that the relationship of DHFR catalytic activity to growth rate can depend on the expression level of DHFR (K.A.R. and R.R., unpublished data), a property that is known to fluctuate naturally during the cell cycle (Almasan et al., 1995) . It will be interesting to demonstrate experimental conditions in which the DHFR-LOV2 chimeras can be selected in vivo as a foundation for ultimately understanding the evolutionary processes that can select and optimize the initial allosteric effects described here.
Experimental study shows that the concept of allosteric regulation through sector connectivity is recapitulated in a second model system-the PDZ domain. This result strongly argues that the result that sector edges are allosteric hot spots does not depend on either the choice of the model system or on the manner of surface site perturbation (domain insertion or point mutagenesis). In summary the connection between sectors and initiation of allosteric control suggests that rather than emerging idiosyncratically in proteins, regulation can emerge at specific surface sites by taking advantage of proximity to preorganized cooperative networks associated with function.
A Model for the Evolution of Regulation
Empirical evidence suggests that allostery emerges readily in the evolution of proteins, often resulting in a diversity of regulatory mechanisms in members of a single protein family (Kuriyan and Eisenberg, 2007 ). An important step in understanding the origin of protein regulation is a theory that can explain how an evolutionary process can produce allosteric coupling with mechanistic diversity despite the complexity of constructing cooperative interactions between amino acids connecting distant functional sites. Kuriyan and Eisenberg provide one critical part of such a theory by arguing that colocalization of proteins (through recombination or compartmentalization) provides sufficient local concentration such that even single mutations at surface sites can initiate binding between proteins (Kuriyan and Eisenberg, 2007) . But a key second part of the problem is to explain how interaction at random surface positions could generate functional coupling between the active sites of two proteins.
The data presented here provide a potential solution to this problem. We propose that sectors are inherent to the structure of natural proteins because they provide the basic rules for native folding and function. For example in DHFR the sector corresponds to the constraints on catalytic mechanism. Given sectors, the principle of sector connectivity suggests how recombination or compartmentalization (Kuriyan and Eisenberg, 2007) can lead to novel allosteric regulation in a single step of variation. Colocalized but independently acting protein domains can initiate the formation of novel interfaces at surface sites through single mutation. However, if allosteric coupling between the two proteins is a condition of fitness (e.g., the light dependence of DHFR), then the data presented here argue that surfaces in contact with sector residues represent statistical hot spots for interface formation. Finally, applying the Rosetta Stone principle of Marcotte and Eisenberg (Marcotte et al., 1999) , further optimization of binding affinity at the newly formed interface should ultimately permit separation of protein domains through gene fission, resulting in the creation of proteins now displaying allosteric communication in trans through functional linkage of sectors.
Although much further work will be necessary to test this idea, evidence from natural systems supports the idea of allosteric communication through sector connectivity. The molecular chaperone Hsp70 is comprised of two allosterically coupled domains. SCA for the family of Hsp70-like proteins indicates a single sector coevolving between these two domains that physically connects the functional sites through the interdomain interface (Smock et al., 2010) . In addition the regulation of binding affinity for ligands in the Par6 PDZ domain occurs through binding of the small GTPase Cdc42 at a distant allosteric site. SCA for both the G protein and PDZ families reveals a physically contiguous path of sector residues that connects the nucleotide-binding pocket in Cdc42 to the ligand-binding site in the Par6 PDZ domain through the protein-protein interface (Lee et al., 2009; Peterson et al., 2004) . These examples set the stage for a more comprehensive test of the principle of sector connectivity as the basis for allosteric communication between proteins.
The model described here focuses on a plausible evolutionary path for protein-protein interactions, but this process may be generalized to the evolution of regulation by other mechanisms, such as posttranslational modification or small molecule ligand binding. In general we suggest that the sector architecture enables the rapid evolution of allosteric regulation. This model provides a foundation to understand the elaboration of complex cellular signaling and metabolic systems through systematic variation and selection.
EXPERIMENTAL PROCEDURES
Statistical Coupling Analysis A multiple sequence alignment consisting of 418 DHFR sequences was assembled as described in Lee et al. (2008) . Statistical coupling analysis (SCA) was performed as in Halabi et al. (2009) , but using an updated version of MATLAB SCA toolbox (SCA Toolbox 4.0). The SCA codes and a script for computing the correlation matrix and definition of sectors through spectral decomposition are available on our laboratory web site (http://systems. swmed.edu/rr_lab/). Further details of the method are provided in the Extended Experimental Procedures.
Chimera Construction and Barcoding
The DHFR-LOV2 fusions were constructed by standard PCR stitching methods performed in two consecutive rounds of PCR with overlapping oligonucleotides. A more detailed description of the cloning strategy and choice of sequencing barcodes is provided in the Extended Experimental Procedures.
Auxotroph Rescue Assay
All relative growth rate measurements were performed in the E. coli folate auxotroph strain ER2566 DfolA DthyA (Lee et al., 2008) . Selection was performed in minimal media A (described previously in Saraf et al., 2004 , but without thymidine because thymidylate synthase was coexpressed from the plasmid encoding DHFR) at 30 C, and growth rates were monitored over a 24 hr period (details in Extended Experimental Procedures). The cells for each time point were harvested by centrifugation, resuspended in cell resuspension buffer (Wizard), and stored at À20 C for sequencing sample preparation.
Analysis of Sequencing Data
For three independent repeats of the selection experiment, we conducted Illumina GAIIx sequencing. For two of the three experimental repeats, the sample was resequenced on multiple lanes (see Extended Experimental Procedures; Table S6 ), and reads from all lanes were pooled. The sequences were filtered using the associated quality scores to ensure that the barcoded regions had a probability of less than 5% of individual base miscalls. Following this filtering step, roughly 50%-90% of the reads remained, which were then sorted by experimental condition and variant using the barcodes. Variant frequencies were determined relative to WT, and normalized to the initial frequency distribution at t = 0 as follows:
Plotting the normalized frequencies with respect to time permits reconstruction of the divergence in growth rate between WT DHFR and the other DHFR variants ( Figure 3C ). The relative growth rate (g) was defined as the slope obtained by linear regression of these data ( Figure 3D ).
Analysis of Light Dependence and Sector Connectivity
Lit versus dark growth rates were then compared for the set of ten nonlightdependent point mutants (lacking a LOV2 domain), and a linear fit was performed; the lit growth rates for all DHFR variants were then scaled appropriately using the linear fit parameters (repeat 1, y = 0.9853x À 0.0029; repeat 2, 1.038x + 0.0063; repeat 3, 0.9916x + 0.0041). This normalization eliminates any systematic differences in growth rate between the lit and dark experiments. Light dependence was calculated for each experiment separately as the difference in lit versus dark growth rates ðDg = g lit À g dark Þ. The significance of light dependence was determined by comparing the mean light dependence for each chimera over the three independent growth/sequencing experiments with the distribution of growth rate differences for the ten nonlight-dependent variants. To do this, we calculated a standard Z score for the light dependence of each chimera i:
, where Dg i is the mean over n = 3 independent measurements of Dg and s i is the standard deviation (s). Note that Dg LI is the mean Dg for the ten light-independent controls ( Figure 5C ), and thus, s LI is a SEM. Z i cutoffs between 2.0 and 2.8 were used for analysis, as described in the text.
Sector connectivity of each LOV2 insertion site was assessed by quantitative analysis of contacts between atoms in a high-resolution crystal structure of E. coli DHFR (PDB 1RX2). For each insertion site a sector contact is defined if any atom of a sector residue occurs within a specific distance cutoff from the peptide bond atoms (backbone N, Ca, C, and O) corresponding to each insertion site. Two approaches for distance cutoff from backbone atoms were examined that gave identical results: (1) the sum of the Pauling radii plus 20%, and (2) a 4 Å spherical shell.
Protein Expression and Purification DHFR point and double mutants were expressed with a histidine tag from the pHis8-3 vector in BL21 (DE3) cells grown at 37 C in 20 ml Terrific broth to an absorbance at 600 nm of $0.7 and induced with 0.25 mM IPTG at 18 C overnight. Cell pellets were lysed by three freeze-thaw cycles in 4 ml binding buffer (0.5 M NaCl, 10 mM imidazole, 50 mM Tris-HCl [pH 8.0]) plus lysozyme followed by centrifugation and incubation with 150 ml Ni-NTA resin (QIAGEN) for 30 min at 4 C. After washing twice with binding buffer (1 ml/wash), DHFR protein was eluted with elution buffer (1 M NaCl, 400 mM imidazole, 100 mM Tris-HCl [pH 8.0]). Eluted protein was dialyzed into dialysis buffer (300 mM NaCl, 1% glycerol/50 mM Tris-HCl [pH 8.0]) at 4 C. Purified protein was concentrated and flash frozen using liquid N 2 prior to enzymatic assays.
Steady-State Kinetic Measurements
Steady-state kinetics measurements were performed as described previously . Purified protein (2-500 nM) was preincubated with 100 mM NADPH in MTEN buffer at pH 7.0 (50 mM MES [2-(N-morpholino)ethanesulfonic acid], 25 mM Tris [tris(hydroxymethyl)aminomethane], 25 mM ethanolamine, and 100 mM NaCl) containing 5 mM DTT, and the reaction was initiated by adding DHF. The DHF concentration was varied according to the K m of each enzyme but generally spanned a range from 1 to 100 mM ( Figure S2 ). The decrease in absorbance was monitored at 340 nm (Dε 340 = 13.2 mM À1 cm À1 ) for at least 2 min using a Lambda 18 spectrophotometer (PerkinElmer). The steady-state parameter k cat was determined under saturating concentrations of DHF (100 mM). Enzyme concentrations were determined by absorbance at 280 nm using extinction coefficients estimated by the ProtParam web server (http://ca.expasy.org/ tools/protparam.html) (ε 280 (WT, L54I, G121V, D27N,M42F, F31V, L54I/ G121V, M42F/G121V) = 33585; ε 280 (DHFR/LOV2_121, DHFR/LOV2_121-C450S) = 49055; ε 280 (W22H) = 28085; ε 280 (F31Y, F31Y/G121V, F31Y/ L54I) = 35075).
PDZ Domain Mutagenesis and Functional Assay
Methods for the global mutational study of PDZ domains will be described in full elsewhere. Briefly, PSD95 pdz3 mutant libraries were created using a degenerate oligonucleotide-based protocol, and were assayed in a quantitative bacterial two-hybrid system in which the expression of green fluorescent protein (GFP) is proportional to the binding free energy between PSD95 pdz3 and its cognate carboxy-terminal peptide ligand derived from the CRIPT protein. Bacterial cells carrying the complete library of surface site mutations were sorted on a flow cytometer for those expressing above a threshold amount of GFP. Plasmid DNA was isolated from both sorted and unsorted bacterial populations and subject to Solexa-based high-throughput amplicon sequencing to count the frequency of observing each mutant in the two populations. For each amino acid substitution x at each position i we derive a parameter E , which quantitatively gives the relative fitness of that allele relative to WT. These data are shown in matrix format ( Figure S7A ) and used to define functionally significant sites (Figures 7 and S7B ).
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